The variations in nuclear DNA content from 2 × 10 2 to 2.5 × 10 5 Mbp are reported in higher plants. The major finding so far is that the genome size of plant species differs by three orders of magnitude, which are more variable than the other organisms. Investigations pertaining to the manner in which DNA is packaged in the nucleus provide us with basic information on the made of DNA existence in the plant nucleus. However, the fundamentals on nuclear DNA content and nuclear size, which underlie and enable the flexible containment of such large differences in nuclear DNA content, remain unknown. We analyzed the nuclear volumes of plants with 2C value DNA contents ranging from 3.2 × 10 2 to 1.0 × 10 5 Mbp. As a result, we obtained a constant ratio between the DNA volume and nuclear volume, which does not exceed 3%. Furthermore, we also demonstrate that the nuclear Rabl model of chromatin organisation is not a common 3-D structure, even in plants with large nuclear DNA contents. The existence of an upper limit of DNA volume ratio would present a basal parameter for the future insight into the nuclear organisation in higher plants.
INTRODUCTION
Numerous biological events, including DNA transcription and replication, continuously occur within a cell nucleus during interphase. Genomic DNA is packaged with nuclear proteins (the main components are the histones) into the nucleus of a eukaryotic cell. In the case of barley, a total of 3.7 m DNA strands are packaged in a nucleus of approximately 8 µ m in diameter without entanglement. During the mitotic anaphase, the separated sister chromatids are pulled towards the two poles. They move with the centromere as the head and the telomere as the tail. This polarized orientation of centromeres and telomeres is believed to be preserved in the interphase nuclei and is known as Rabl orientation (Rabl, 1885) . The existence of the Rabl orientation has been reported in salamander larvae (Rabl, 1885) , plants (Dong and Jiang, 1998; Barnes et al., 1985) , fly (Mathog et al., 1984) , yeast (Jin et al., 1998) , etc. As a result, the Rabl orientation is believed to be a representative nuclear structure in eukaryotes. Tanaka (1981a, b) examined the relationship between chromosome arm length per length of the centromeric region at anaphase and the formation of Rabl orientation.
Nuclear DNA content has been measured in various organisms and substantial variations in 2C values ranging from 2 × 10 2 to 2.5 × 10 5 Mbp have been reported among plant species (Sumner, 2003; Bennett and Leitch, 2004) . The sizes of the 2C values are increased by polyploidization and amplification of repetitive sequences (Stebbins, 1950; Swanson, 1957; Charlesworth et al., 1994) . These events would require an epigenetic mechanism for the condensation of repetitive sequences, in order to ensure genome stability by inactivating mobile elements (SanMiguel et al., 1996; Wolffe and Hansen, 2001) . Both the junk DNA and the selfish DNA theories propose the constant accumulation of such DNAs through evolutionary time (Doolittle and Sapienza, 1980; Charlesworth et al., 1994) . As a result, physical constraints must increase on the nuclear volume in the cell, along with the endless tendency of increasing genome size. Schubert and Oud (1997) revealed an upper limit of length of a chromosome arm due to the incomplete separation of the longest chromatids during mitosis.
Comparisons of the nuclear sizes of various higher plants were reported in relation to their radiosensitivity Edited by Minoru Murata (Sparrow and Miksche, 1961; Baetcke et al., 1961) . However, the relationship between nuclear DNA contents and nucleus, particularly in terms of the nuclear volume, remains unclear in plant. This is partially ascribed to technological limitations, because calculations of nuclear volumes have often been incorrectly estimated by sample preparation methods, such as squashing or sectioning methods (Sparrow and Miksche, 1961; Baetcke et al., 1961; Dong and Jiang, 1998) . Recent advances in optical methods enabled the acquisition of intact 3-D cell (Hiraoka et al., 1990 , Wako et al., 1998 and nuclear images and thus the obtainment of precise nuclear volumes.
Here we report that the existence of a distinct upper limit of 3% for the ratio between the DNA volume and nuclear volume based on the data of twelve representative plant species with their 2C values ranging from 3.2 × 10 2 to 1.0 × 10 5 Mbp.
MATERIALS AND METHODS

Nuclear volume measurement
The twelve plant species that were studied are given in Table 1 . Root tips were harvested from the seedlings and fixed in 4% paraformaldehyde/PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 adjust to pH 7.4 with HCl). To obtain the G1 cells, the meristematic and surrounding regions were removed, and the elongation parts just above the meristem of the root tips only were excised and macerated briefly with an enzyme mixture (2% cellulase Onozuka R-10 (Yakult Honsha Co. Ltd., Tokyo, Japan) and 0.5% Pectolyase Y-23 (Kikkoman Co., Noda, Japan) adjusted to pH 4.2) for 30-60 min. The tissues were placed on glass slides and tapped lightly through the cover slips, allowing the tissues to be flat. After the cover slips were removed and the slides were air just slightly dried at room temperature; they were stained with 1 µ g/ml of DAPI (4',6'-diamidino-2-phenylindole) prior to mounting. Only the nuclei whose 3-D structure was maintained were used for further measurement. Nuclear images were captured with a cooled CCD camera (CH 350/L, Roper Scientific Photometrics, Tucson, AZ, USA) using an Olympus IX-70 microscope. The images were optically sectioned every 0.2 or 0.3 µ m and the section data covering the nucleus were collected. Initial data was analyzed using the Delta vision software (Applied Precision LLC, Issaquah, WA, USA). The images were deconvoluted to obtain clear 3-D images, using the deconvolution program. Preservation of the nuclear 3-D structure was confirmed by reconstructed 3-D images. Each nuclear area was measured from the sectioned images and integrated to obtain its volume. Thirty interphase nuclei were randomly chosen and measured for each species to fix the nuclear volume of the species. 0.34 nm 3 per bp (Pienta et al., 1991) was employed for the estimate of DNA volume.
Measurement of genomic DNA contents
The 2C values were determined by flow cytometry as described by Arumuganathan and Earle (1991) with minor modifications. The nuclei were isolated from the leaves by chopping the tissues in ice-cold hypotonic buffer (10 mM MgSO 4 , 50 mM KCl, 5 mM Hepes, 3 mM dithiothreitol, and 0.25% Triton-X100) and filtration through 40 µ m nylon mesh. Nuclear samples were stained with 0.1 µ g/ ml of propidium iodide for 30 min. Each sample was analyzed using a flow cytometer (EPICS ALTRA, Beckman Coulter Inc., Fullerton, CA, USA). Wheat nuclei were used as the control in the measurements.
Fluorescence in situ hybridization (FISH) A set of primers (5'-TTTAGGGTTTAGGGTTTAGGGTTTAGGG-3' and 5'-CCCTAAACCCTAAACCCTAAACCCTAAA-3') were used as telomere oligomer probes. The probes were labeled with Dig-11-dUTP using PCR labeling according to Ijdo et al. (1991) .
The nuclei were isolated from razor-chopped roots and fixed in 4% paraformaldehyde/PBS. They were then placed on APS-coated glass slides (Matsunami Glass Ind. Ltd., Kishiwada, Japan). The FISH experiment was performed according to Wako et al. (2002) with some modifications. The preparations were air-dried. After fixation with 4% paraformaldehyde/PBS, they were washed with PBS and incubated with 100 µ g/ml RNase in 2 × SSC for 60 min at 37 ° C. The hybridization mixture (probe DNA, 50% formamide, 2 × SSC) was heated for 10 min at 92 ° C, cooled on ice, applied to the slides and the nuclei were denatured for 5 min at 80 ° C. After hybridization for 36 h at 37 ° C, the slides were washed with 50% formamide/2 × SSC for 35 min at 42 ° C, followed by washes with 2 × SSC at room temperature. FISH signals were detected using sheep anti-dig-Rhodamine (Roche Diagnostics Ltd., East Sussex, UK) and anti sheep-Texas Red (Vector Laboratories). Incubation with antibodies was carried out at 37 ° C for 60 min. The nuclei were counterstained with DAPI. (Bennett et al., 2003; Bennett and Leitch, 2004) . As a result, 316 times difference in 2C value was observed between the plants currently used with the smallest and largest nuclear DNA contents and the range conserved most of the plant 2C values reported to date.
RESULTS AND DISCUSSION
A large difference in nuclear volumes of approximately 50 times was also observed, ranging from 41 µ m 3 for A.
thaliana to approximately 2,000 µ m 3 for F. camtschatcensis (Table 1) . Apparently, the nuclear volume is related to the nuclear DNA contents (Table 1 , Fig. 1 ). This indicates that the plant nuclear volumes basically increase along with 2C values. The linear increase of the nuclear volume indicates that there is a basic increment in the ratio of 2C value relative for the nuclear volume. The increment ratio is in the range from 1.2 × 10 -4 µ m 3 /Mbp to 2.0 × 10 -4 µ m 3 /Mbp.
The Rabl orientation was believed to be a basic 3-D structure of various plant nuclei (Avivi and Feldman, 1980; Barnes et al., 1985; Wako et al., 2002) , although plant species with 2C value less than 1 × 10 4 Mbp, such as A. thaliana and O. sativa, were known to have a nonRabl orientation (Ohmido and Fukui, 1997; Dong and Jiang, 1998; Shaw et al., 2003; Prieto et al., 2004 ). Dong and Jiang (1998) compared 8 different Gramineae species and showed that the species with the larger 2C value such as wheat, rye, barley and oats have clear Rabl orientation. They also suggested that the possible relationship between the Rabl orientation and the 2C value representing the case of maize with middle 2C value and the incomplete formation of the Rabl orientation. The survey for existence of the Rabl orientation in the plant with larger 2C value than 4 × 10 4 Mbp was, then, carried out by using FISH with telomere probe. As a result, plants with 2C values over 7 × 10 4 Mbp unexpectedly displayed telomere signals in both hemisphere, although H. vulgare display for deviation in a hemisphere (Fig. 2 , Table 2 ). Thus, it is concluded that the Rabl orientation is not a common 3-D structure of genome DNA even in plants with large 2C values. Among the plants with large genomes but Rabl orientation, other efficient DNA compaction system may be adopted.
To compare the relation of the DNA amount to the nuclear volume, the ratios between the DNA volume and nuclear volume (VR) of twelve plants are calculated ( Table 1 ). The DNA volumes were calculated as 0.34 nm 3 /bp (3.4 × 10 -4 µm 3 /Mbp) based on the previous report (Pienta et al., 1991) . The VR increased, in parallel with increase in the 2C value of the plants with relatively A. thaliana, 2. O. sativa, 3. Z. mays, 4. N. tabacum, 5. H. vulgare, 6. T. durum, 7. A. cepa, 8. T. aestivum, 9. L. linearis, 10. L. longiflorum, 11. F. verticillata and 12. F. camtschatcensis . Error bars represent standard deviations. The inset is the enlargement of the graph near the origin.
small 2C value, from A. thaliana (0.3%) to N. tabacum (2.1%) (Fig. 3) . However, after the 2C value exceeded 1 × 10 4 Mbp, as in H. vulgare (2.2%), no increase in the VR was observed among plants with 2C value up to 1 × 10 5 Mbp (F. camtschatcensis) (Fig. 3) . Furthermore, among the plants observed, no plant displayed a VR higher than 3%. The highest VR (2.95%) was observed in T. durum. These results clearly indicated that among plants there existed an upper limit of 3% in the VR. In the low VR, non-Rabl orientation was appeared. However, in the high VR, both Rabl and non-Rabl orientation was appeared (Fig. 3) . The upper limitation is due to the fact that the nuclear volume increases with an increase in the 2C value, by an increment of 1.2 -2.0 × 10 -4 µm 3 /Mbp in plants. It allows rather constant molecular crowdedness in the nucleus not to exceed the certain level of the nuclear DNA contents. On the estimation that each 200 bp of the DNA forms a nucleosome (11nm diameter and 4 nm thickness of a cylinder), the maximum ratio of the Some DNA show thicker chromatin fiber than 30 nm fiber within the interphase nucleus and anchored to the nuclear matrix (Pienta and Coffey, 1984) . Upper limit of the VR is only 3%, however, if we assume the higher order chromatin structure, nucleus is crowded with the chromatin. If we assume 860 nm fiber that is the higher structure to form chromosomes during mitosis (Pienta et al., 1991) , its volume ratio to the nucleus will exceed 100%. These estimations clearly indicate that the upper limit of 3% VR will be the constant value for nuclear DNA to maintain the higher order structure within a nucleus except for M phase in the cell cycle. Therefore, we propose that in higher plants with 2C values ranging from 3 × 10 2 to 1 × 10 5 Mbp, there is a fixed constant of 3% ratio of the DNA volume to the nuclear volume, for the nucleus to function and maintain its authentic structure. Therefore it is concluded that this constant should be the maximum figure in order to guarantee normal metabolic activity of the nucleus and thus the cell.
